APMP.L-S4

Introduction
The broad objective of the Asia Pacific Metrology Program (APMP) is to improve the measurement capabilities in the Asia Pacific region by sharing facilities and experience in metrology. Comparison of calibrations by different laboratories on given artifacts adds confidence in the measurement of standards and leads to international acceptance of the measurements carried out by these laboratories. This intercomparison concerns the calibration of glass hemisphere and roundness assessment of the softgauge.
Standards circulated to all laboratories consist of:
-Two (2) glass hemispheres -Two (2) softgauges Measurement conditions for each standard are described in the appropriate section of this document. If the ISO guidelines cannot be followed an approximation may be made with detailed description of how the measurement conditions have varied.
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Organization
Pilot and Coordinating Laboratory
The project was piloted by:
Dr Jariya Buajarern Dimensional Metrology Department, National Institute of Metrology (Thailand)
The pilot laboratory was responsible for 
Participants
The participant information is listed in Table 1 . 
Schedule
The program is to commence in 2012 with measurement at the coordinating laboratory. The order for measurement is listed in Table 2 . Each laboratory was expected to make all required measurement in a two week period and allow a further two week period for transferring the artifacts to the next listed laboratory. Those scheduled for December or January were allowed four weeks for measurement due to expected public holidays and a further two week period for transfer. NMIJ performed measurement 3 times in order to investigate stability of the artifacts. Only the first measurement results from the NMIJ (coordinating laboratory) was included and analyzed. 
Artefacts
Description of artefacts
The artifacts to be circulated for assessment of roundness are: 
Stability of artefacts
The glass hemispheres were measured three times by the co-ordinate laboratory, at the dates indicated in the graphs. The following diagrams show the measured roundness with the stated uncertainties (k=1) after being filtered by 1-50 UPR filter. The observed deviation is much smaller than the standard uncertainty of the measurement which show good stability of the artifacts. 5 Measuring instructions
Measurands
The measurand is the peak to valley roundness deviation with respect to LS reference circle according to ISO/TS 12181-1, filtered at 1-15 UPR and 1-50 UPR with a Gauss filter or 2CR filter.
Measurement method
To 
Equipment and measuring methods
An overview of the equipment and the measuring methods used is given in Table 4 . The conditions which determine the final uncertainty are the spindle repeatability, the probe repeatability, the probe linearity, the method used to calibrate the probe and the method used to compensate for spindle errors. All instruments were equipped with an inductive transducer with a lever-type stylus. The calibration of the probe was generally made directly, or indirectly by means of various transfer standards (piezo-actuators, flick-standards, gauge blocks), referenced to a laser interferometer. The multi-step method was used for compensation of spindle errors. Numbers of steps varied from 10 steps to 20 steps.
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Measurement results
The supplementary comparison reference values (SCRV) were calculated for each artifact using the weighted mean. To each result (x i ) a normalized weight, w i , was attributed, given by:
where the normalizing factor, C, is given by:
The weighted mean The data in a comparison are consistent provided that
where N is the number of laboratories.
For each laboratory's result, the E n value is calculated. E n is defined as the ratio of the deviation from the weighted mean, divided by the expanded uncertainty of this deviation. Pg. 14/21 
Numerical result
UPR (Undulations Per Revolution) filter was referred to the least-squares circle (LSC
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Harmonic component
High precision roundness measurement for hemi-sphere calibration requires spindle error separation technique, because form error and spindle error are same level. All participants applied multi-step method for spindle error separation in this comparison. In applying multi-step method, it is possible to separate the form error from the spindle error, when number of step is large enough.
In order to determine effect of number of step difference between NMIs, harmonic components of the measurement profile were determined. The calculation results are illustrated in Table 5 and Table 6 . For both glass hemispheres (1-50 UPR), dominant components are harmonic at 2 nd and 3 rd orders. The minimum step performed in error separation process among all participants is 10 steps. Most participants applied 10 or 12 step for multi-step method. NMIJ applied 20 steps. From NMIJ result, amplitude of 10 th and 12 th components are small. Therefore, it can be assumed that no dominant harmonic was left out during the measurement and analysis process.
The amplitude spectra for the harmonics components are shown in Fig. 14 and Fig. 15 . The figure shows similarity of spectra for all participants. Spindle error separation technique of all participants were available, good agreement obtained among the participants. 
Starting point of profile
In order to compare the measurement condition of participants, the starting point of profile were evaluated. Since the measurand in this comparison was determined from the peak to valley roundness deviation and difference in number of data points of all participants, point to point comparison cannot be conducted. As a result, harmonization of the profile starting points was performed according to paper by H. Haitjema, H. Bosse, M. Frennberg, A. Sacconi and R. Thalman (International comparison of roundness profiles with nanometric accuracy, Metrologia, 33(1996) . 67-73). Cross correlation technique was applied where phase shift or measurement starting point can be estimated.
Measured profile of NIMT was used as the reference profile and phase shifting in respect to the reference was estimated. Since there are number of data point difference, linear interpolation was carried out before performing cross correlation. All profiles were normalized by standard deviation of each profiles deviation. The result is shown in Table 9 . The objective of this analysis is to determine the variation in phase of the roundness profile. The results in Table 9 clearly show that roundness profile of the artifacts measured by participants have a small deviation in phase which can be due to setup of the measurement and accuracy of the spindle error compensation. Excluding measurement result from NMISA, phase deviation up to 5 degrees was obtained. For glass hemisphere SN 6767, the difference of start points for all participants results are According to Fig. 11 , all NMIs except NMISA have the highest peak at approximately at 260 degrees. Whereas, the highest peak of the NMISA's profile is at 70 degrees which is the position of the second highest peak of others profile. Fig. 17 illustrates the roundness profile comparison between NIMT and NMISA and NMIS (phase corrected). Hence, we can conclude that the actual starting point of the NMISA profile for SN 6767 is in fact -2.2 degrees. 
Softgauges
Softgauges were circulated in numerous formats with seven of the eight laboratories submitting results.
Since there is no measurement, only a software output, no uncertainty value is reported. Numerical results of softgauge testing from each laboratory are shown in Table 10 . The maximum standard deviation of 0.034 nm was observed which indicates good consistency in filtering algorithm among all participants. 
Conclusion
Error separation method (multi-step method) was employed in order to achieve high precision roundness measurement of glass hemispheres. Although there are differences in number of step used in error separation method and roundness assessment software used between NMIs, the measurement results are in mutual agreement. The reported results of peak-to-valley departure from roundness are shown in tables 5 and 6. The largest En value was 0.7 for departure from roundness. Upon stability check, both glass hemispheres have no deformation during circulation.
Since numbers of data point of the profile from each NMI are varied, point by point analysis cannot be performed. However, analysis of harmonic component and phase error for all profiles were conducted. A good agreement for harmonic component with deviation within 2 nm was observed.
